The endocytic pathway is a system specialized for the uptake of compounds from the cell microenvironment for their degradation. It contains an arsenal of hydrolases, including proteases, which are normally enclosed in membrane-bound organelles, but if released to the cytosol can initiate apoptosis signaling pathways. Endogenous and exogenous compounds have been identified that can mediate destabilization of lysosomal membranes, and it was shown that lysosomal proteases are not only able to initiate apoptotic signaling but can also amplify the apoptotic pathways initiated in other cellular compartments. The endocytic pathway also receives cargo destined for degradation via the autophagic pathway. By recycling energy and biosynthetic substrates, and by degrading damaged organelles and molecules, the endocytic system assists the autophagic system in resisting apoptotic stimuli. Steps leading to lysosomal membrane permeabilization and subsequent triggering of cell death as well as the therapeutic potential of intervention in lysosomal membrane permeabilization will be discussed.
S
ince the discovery of lysosomes in 1950s (de Duve et al. 1955) , the concept of the endocytic pathway has changed. Although there has been huge progress in understanding the molecular mechanisms of targeting and fusion of organelles, several conceptual dilemmas have not been completely resolved. The primary function of the endocytic pathway is bulk degradation and recycling of the internalized material and redundant cellular components. Over the years, additional functions have been associated with it. Endosomes and lysosomes can fuse with the plasma membrane to repair it and to release the accumulated nondegradable material (Medina et al. 2011) . Intraluminal vesicles are the source of exosomes, which have multiple functions, especially for the immune system (Ludwig and Giebel 2012) . Endosomes have numerous functions in fighting infections: they can signal the presence of pathogens through Toll-like receptors, they are the site of antigenic peptide generation and their assembly with major histocompatibility complex class II molecules, and they can also kill residing pathogens (Gruenberg and van der Goot 2006) . Because of a high content of proteases, de Duve (1959) coined the figurative term "suicide bags" for lysosomes, a concept since supported by a wealth of experimental reports (de Duve 1959) . Perhaps the best examples of this concept are natural killer cells and cytotoxic T cells. Both have specialized lysosome-related organelles, secretory granules, that contain perforin and granzyme B, which can mediate apoptosis in the target cell (Blott and Griffiths 2002; Trapani and Smyth 2002) . However, every cell can potentially become a victim of its own lysosomal hydrolases, especially if lysosomal membranes are destabilized so that the enzymes can escape into the cytosol. These offer great potential to exploit scenarios for therapy for certain diseases, most importantly cancer. On the other hand, by enabling degradation of the material sequestered by autophagy, the endocytic pathway can assist autophagy in counteracting apoptosis when cells are challenged with an apoptotic stimulus (Repnik and Turk 2010; Hafner Č esen et al. 2012; Repnik et al. 2012 ).
ENDOCYTIC PATHWAY
Whenever we talk about lysosomes in the context of cell death and survival, we should more accurately refer also to other organelles of the endocytic pathway (see below for details; Fig. 1 ). Understanding the biology of the endocytic pathway is a prerequisite for the understanding of its role in the processes of cell death and survival.
We favor the concept proposed by Griffiths in 1996 that the endocytic pathway involves stable compartments connected by vesicular traffic as opposed to the maturation model, which implies that organelles are formed de novo and mature into the next organelle along the endocytic pathway. Griffiths defines a compartment as a complex, multifunctional membrane organelle that is specialized for a particular set of essential functions for the cell. According to this hypothesis, compartments cannot be assembled de novo, but arise only once during evolution and must be transferred from the mother cell to daughter cells during mitosis. In contrast, vesicles are considered to be transient organelles, simpler in composition, and are defined as membrane-enclosed containers that form de novo by budding from a preexisting compartment. Compartments can undergo homotypic fusion with themselves, whereas vesicles cannot fuse with themselves but only with a preexisting compartment. In contrast to compartments, vesicles can undergo maturation, which is a physiologically irreversible series of biochemical changes such that the particle develops into a biochemically different end stage. According to this hypothesis, early endosomes and late endosomes represent stable compartments in the endocytic pathway, while primary endocytic vesicles, phagosomes, multivesicular bodies (MVBs) or endosome carrier vesicles (ECVs), secretory granules, and even lysosomes represent vesicles (Griffiths 1996) .
Endocytosis is an entrance route to the cell and is important for the uptake of nutrients, recycling of the plasma membrane, and surveillance of the extracellular environment. From the functional point of view, the endocytic pathway can be divided into the recycling circuit for the plasma membrane and its components, the degradative system for the degradation of molecules, and the connecting system for the transport of degradation-destined cargo from the early recycling circuit to the degradative system (Huotari and Helenius 2011) . In Figure 1 , the endocytic pathway is schematically presented (Griffiths 1996; Luzio et al. 2000; Eskelinen et al. 2011 ). The endocytic vesicle, which arises at the plasma membrane, most prominently from clathrin-coated pits and vesicles, first fuses with the early endosome, which is a major sorting compartment. A large part of the cargo and membranes internalized are recycled back to the plasma membrane through the recycling vesicles. Components that should be degraded are transported to the late endosome via MVBs, also referred to as ECVs. They are spherical vesicles and contain many small, membrane-enclosed intraluminal vesicles (ILVs). The formation of ILVs involves inward budding of the limiting membrane containing transmembrane ubiquitinated proteins and is regulated by ESCRT (endosomal sorting complex required for transport) machinery (Mayers and Audhya 2012) . ILVs are present already in early endosomes and become particularly numerous in MVB/ ECV, late endosomes, and hybrid organelles. The late endosome represents the stomach of the cell. The enzymes needed for degradation are delivered by transport vesicles from the trans-Golgi network (TGN) to early and late endosomes. Most lysosomal hydrolases, including the proteases named cathepsins, acquire mannose 6-phospate during their transport through the Golgi complex and are recognized by mannose phosphate receptors in the TGN. In addition, some hydrolases, like sphingomyelinase, can use sortilin as an alternative sorting receptor (Saftig and Klumperman 2009) . Arguably, lysosomes are vesicles that can store mature lysosomal enzymes and deliver them to a late endosomal compartment when needed. The resulting organelle is called the hybrid organelle or endolysosome. Lysosomes bud off the hybrid organelle in a process referred to as lysosome re-formation (Bright et al. 1997 ). It has recently been shown that lysosome re-formation depends on mTOR activation, which in turn depends on monomeric metabolites, which are produced during lysosomal degradation (Yu et al. 2010) . It seems likely that lysosome re-formation serves to redistribute lysosomal enzymes (Griffiths 1996; Tjelle et al. 1996) . It is also possible that for some enzymes transient escape from the harsh environment of late endosomes prolongs their stability.
Although the bulk of acid hydrolases have been localized in the lysosomes and not in the late endosomes, the latter are the main degradative compartment of the cell (Tjelle et al. 1996) . More than 50 different hydrolases, including proteases, phosphatases, nucleases, glycosidases, sulphatases, lipases, etc., and some activator proteins that assist the hydrolysis of substrates, such as ( pro)saposins, have been thus identified in these organelles. The luminal conditions of pH and perhaps the redox potential within the late endolysosomal system are designed to denature protein substrates and thereby make them susceptible to enzymatic degradation (Pillay et al. 2002) . The pH thus decreases along the endocytic pathway: early endosomes have a pH between 6.8 and 6.1, late endosomes have a pH in the range of 6.0 -4.8, and in lysosomes the pH can decrease to 4.5 (Maxfield and Yamashiro 1987) . Because some lysosomal enzymes have pH optima in the neutral to alkaline range, it was suggested that the pH in lysosomes may actually fluctuate over a wider range, with a preference for a more acidic state (Butor et al. 1995) . The role of redox potential inside lysosomes is more controversial. Initially it was proposed that it is reducing (Pillay et al. 2002) ; however, recent findings have shown that it is oxidizing and comparable to the endoplasmic reticulum (Austin et al. 2005) .
In the limiting membrane there are transport proteins, which enable the translocation of ions or small metabolites into the cytosol. The integral membrane proteins also include structural glycoproteins LAMP (lysosome-associated membrane protein)-1, LAMP-2, CD63, and LIMP-2 (Schroder et al. 2010) . LAMP isoforms are among the most abundant lysosomal proteins. They have large luminal domains, which are heavily glycosylated to protect the protein scaffold from the lysosomal enzymes. Although it was suggested that they provide structural integrity to the lysosomal membrane by forming a continuous protective carbohydrate lining along its inner leaflet, this idea lacks experimental support (Kundra and Kornfeld 1999) . LAMPs have only short cytoplasmic tails, which are involved in vesicle trafficking along the microtubules (Huynh et al. 2007 ) and serve as receptors for chaperone-mediated autophagy (Cuervo and Dice 1996) .
Late endosomes, lysosomes, and hybrid organelles are extremely dynamic organelles, and distinction between them is often difficult, even with electron microscopy analysis of immunolabeled thin sections, in particular in certain cell types including RAW and J774 macrophage cell lines and HeLa cells (Griffiths 1996) . So far, specific markers for lysosomes that are absent in late endosomes have not been identified. LAMP molecules and acid hydrolases are found in both late endosomes and lysosomes. However, cation-independent mannose phosphate receptor (CI-MPR), Rab7, and the regulatory (RII) domain of the cAMP-dependent protein kinase are present only on late endosomes but not on lysosomes, offering some possibility for discrimination (Griffiths et al. 1988 (Griffiths et al. , 1990a Tjelle et al. 1996) . In electron micrographs late endosomes contain many ILV and membrane fragments, whereas lysosomes appear electron dense, rather homogeneous, and with fewer membrane fragments (Tjelle et al. 1996 ; Huotari and Helenius 2011); however, their discrimination is still not an easy task.
The degradative system of the endocytic pathway receives input for degradation not only from the cell microenvironment via endocytosis and phagocytosis, but also from the cell itself via the autophagic pathway. There are three main forms of autophagy: macroautophagy, characterized by the formation of double-membrane autophagosomes; chaperone-mediated autophagy, which depends on transmembrane receptors in the endosome/lysosome limiting membrane; and microautophagy, which includes internalization by invagination of the endosomal/lysosomal membrane (Cuervo 2004) . Although it is often described that autophagosomes fuse with lysosomes, it has actually been shown that autophagosomes fuse with a LAMPpositive compartment before they acquire lysosomal proteases. It therefore seems likely that autophagosomes can enter the endocytic pathway at multiple stages, including early endosome, MVB/ECV, and, in particular, late endosomes and hybrid organelles ( Fig. 1) (Eskelinen et al. 2011) .
Of all lysosomal components, lysosomal proteases seem to be the main effector molecules that interface with the apoptotic machinery, if released into the cytosol. To initiate the lysosomal pathway of apoptosis, the degradative part of the endocytic pathway must therefore be targeted, which, however, includes not only lysosomes but also late endosomes and hybrid organelles, endolysosomes. Some hydrolases, particularly those with pH optima close to neutral, may be active already in the early endosomes. Most of the compounds that have lysosomal membrane -destabilizing properties, for example, lysosomotropic detergents, cannot specifically target a particular organelle, because differences in pH are too small (Fig. 2) . Consequently, targeting the complex endolysosomal system will result in complex and often diverse cell responses. Therefore, we would like to emphasize that the use of the term "lysosome" is too narrow, as the complete degradative system of the endocytic pathway, which includes late endosomes, lysosomes, and hybrid organelles, harbors an arsenal of proteases that can initiate apoptotic signaling pathways if released into the cytosol. A more accurate alternative for the term "lysosome" is the term "endolysosomal system"; it also implies the inherent complexity of the system.
THE ROLE OF LYSOSOMES IN CELL DEATH
Apoptosis is the most investigated form of cell death and is characterized by caspase activation, chromatin condensation, nuclear fragmentation, and formation of apoptotic bodies. Alternative forms of cell death include necrosis, necroptosis, and secondary necrosis, which manifest with cytoplasmic swelling (oncosis), dilated organelles, loss of plasma membrane integrity, and the absence of caspase activation and chromatin condensation (Vanlangenakker et al. 2008; Vanden Berghe et al. 2010) . Although necrosis has long been considered accidental and uncontrolled, it is now considered to be a wellorchestrated form of cell demise (Yamashima 2012) . In necroptosis and secondary necrosis, lysosomal membrane permeabilization (LMP) is a late process, which coincides with the cellular disintegration phase and may, through proteolysis, contribute to the generation of modified damage-associated molecular patterns, which activate the immune system (Vanden Berghe et al. 2010) . At least in some forms of necrosis, LMP is an early event that determines the necrotic cell death as a result of massive release of hydrolases (Yamashima 2012) . However, LMP can also initiate or amplify apoptotic signaling. A quantitative relationship between the amount of lysosomal rupture and the mode of cell death has been suggested to explain different cell death pathways following LMP, so that moderate insults trigger a limited release of lysosomal contents into the cytosol and lead to apoptosis, whereas strong insults result in acomplete release of lysosomal contents and lead to necrosis (Kagedal et al. 2001; Turk and Turk 2009) .
Apoptotic cell death is mediated through two main signaling pathways: the extrinsic or U. Repnik et al. 6 death receptor pathway, which is induced upon ligation of transmembrane death receptors by their specific ligands; and the intrinsic or mitochondrial pathway, the induction of which involves nonreceptor stimuli, such as metabolic stress, UV radiation, and DNA damage. It has been proposed that LMP can trigger the intrinsic apoptotic pathway through a sequence of events known as the lysosomal apoptotic pathway (Cirman et al. 2004; Droga-Mazovec et al. 2008; Repnik and Turk 2010; Melo et al. 2011) . With increased understanding of its molecular mechanisms, the lysosomal pathway of apoptosis has been recognized as a therapeutic target (Groth-Pedersen and Jaattela 2010; Repnik et al. 2012 ).
Lysosomal Pathway of Apoptosis

Lysosomal Cathepsins-Initiator Proteases of the Lysosomal Pathway of Apoptosis
Lysosomal proteases, especially cathepsins, have been identified as the main promoters of the lysosomal apoptotic pathway, which can be initiated upon LMP. Lysosomal cathepsins are either cysteine proteases (B, C, F, H, L, O, S, V, X) or aspartic proteases (D). They are predominantly endopeptidases, although cathepsins B and H can also act as exopeptidases, whereas cathepsins C and X are exopeptidases only. The expression of some, such as cathepsins S and K, is tissue-and cell-type-specific, whereas the others are expressed ubiquitously. They are rather nonspecific proteases, generally cleaving their substrates after hydrophobic or basic residues (Turk et al. 2002; Turk and Turk 2009 ). Normally, cathepsins are enclosed inside the lysosomes, where they carry out nonspecific bulk proteolysis of proteins that have been destabilized by low pH. However, if released into the cytosol, the same proteases can perform rather specific cleavages of proteins in their native conformation, during the brief period of time before they succumb to the more neutral pH conditions of the cytosol (Turk and Turk 2009; Turk et al. 2012) . Some of the target molecules for cysteine cathepsins in the cytosol have been identified, and they are involved in apoptotic signaling (Stoka et al. 2001; Cirman et al. 2004; Blomgran et al. 2007; Droga-Mazovec et al. 2008 ).
LMP-the Initiation Phase
LMP, which is a point of no return in the lysosomal apoptotic pathway, is often an early event and thus crucial for the induction of cell death, preceding other executioners, such as caspases or mitochondrial outer membrane permeabilization (MOMP). It is also critical for the release of cysteine cathepsins from lysosomes. However, one should be aware that LMP is a nonproteolytic event . Recently, provoking cathepsin-mediated cytotoxicity by directly targeting lysosomes of cancer cells with lysosomotropic agents has been recognized for its therapeutic potential. There are a number of different chemotherapeutic agents that induce LMP (Groth-Pedersen and Jaattela 2010; Kreuzaler and Watson 2012). The best characterized are the lysosomotropics (de Duve et al. 1974) , which are lipophilic bases that after protonation become trapped in acidic vesicles, where they accumulate and develop membranolytic properties, thereby releasing lysosomal content in the cytosol (Miller et al. 1983) . Among the synthetic agents, one of the most studied is the amino acid methyl ester LeuLeuOMe (Cirman et al. 2004; Droga-Mazovec et al. 2008) , which triggers LMP only after it is polymerized into the hydrophobic chains of at least three dipeptide units by cathepsin C (Thiele and Lipsky 1990) . LeuLeuOMe is already in clinical trials for treatment of graft-versus-host disease during allogeneic bone marrow transplantation (Filicko-O'Hara et al. 2009 ). However, there are also other lysosomotropics, such as amine hydroxychloroquine (Boya et al. 2003b) , detergents N-dodecylimidazole (Wilson et al. 1987) and O-methylserine dodecylamide hydrochloride (Li et al. 2000) , and quinolone antibiotics, such as ciprofloxacin and norfloxacin, which need UV light to trigger LMP (Boya et al. 2003a ). In addition, derivatives of SW43 and PB282, two classes of s2 receptor ligands, were shown to induce LMP in pancreatic cancer (Hornick et al. 2012) .
A number of endogenous compounds are involved in LMP. Probably the most studied is
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Cite this article as Cold Spring Harb Perspect Biol 2013;5:a008755 the lysosomotropic sphingolipid sphingomyelin, which in lysosomal membranes is converted first to ceramide and later to sphingosine by acid sphingomyelinase (A-SMase) and ceramidase, respectively (Kronke 1999) . Accumulation of sphingosine was suggested to influence the stability of the lysosomal membrane (Kagedal et al. 2001) . Additional proteases suggested to be involved in LMP are the cytosolic Ca-dependent cysteine proteases, the calpains. Based on a neuronal study, Yamashima and his colleagues proposed the "calpain -cathepsin hypothesis" suggesting that in the case of increased cytosolic calcium concentration, as found in ischemiaaffected neurons, activated calpains translocate to the lysosomal membrane, where they degrade the carbonylated Hsp70.1, which causes LMP and subsequently triggers necrosis (Sahara and Yamashima 2010; Yamashima 2012) . However, calpains are involved not only in necrosis but also in apoptotic cell death, in which they were shown to process BID into proapoptotic t-BID (Gil-Parrado et al. 2002) . Moreover, calpains were suggested to translocate to the lysosomal membrane of epithelial cells during mammary gland involution to cleave cytosolic parts of membrane proteins, such as LAMP-2, contributing to LMP and thus triggering apoptotic cell death (Arnandis et al. 2012 ). In addition, it was shown that LMP in mammary epithelium is Stat3-dependent and independent of the executioner caspases caspase-3, -6, and -7. Stat3 was found to up-regulate the expression of lysosomal cathepsins B and L, while down-regulating their endogenous inhibitor Spi2A (Kreuzaler et al. 2011) . Among other endogenous molecules we also find free fatty acids, such as palmitic acid, which triggers LMP before MOMP (Almaguel et al. 2010) . Kagedal et al. (2005) initially proposed that even BAK is directly involved in the LMP in staurosporine-induced apoptosis; however, this observation was later disputed .
Reactive oxygen species (ROS) are another group of very potent LMP inducers. During oxidative stress a cell produces large amounts of hydrogen peroxide, which can in lysosomes react with ferruginous material delivered there mostly by the autophagic pathway. In a series of Fenton-type reactions, highly reactive hydroxyl radicals are produced, causing peroxidation of membrane lipids, leading to LMP. Therefore, the oxidative stress that has started in the mitochondrial respiratory chain is amplified through the Fenton reactions within lysosomes (Terman et al. 2006; Kurz et al. 2007 ). In addition, lysosomal enzymes have been suggested to promote mitochondrial ROS production, creating another feedback loop to amplify the signal (Zhao et al. 2003) . However, LMP can also be triggered directly by low concentrations of exogenous hydrogen peroxide (Ishisaka et al. 2002; Lin et al. 2010) or by the ROS-generating photosensor N-aspartyl chlorin e6 (Liu et al. 2011) . Zhao et al. (2001) suggested that short stimulation with hydrogen peroxide could also trigger LMP indirectly by activation of phospholipase A2, leading to degradation of membrane phospholipids. Importantly, several stimuli, such as the aminoglycoside antibiotic gentamicin (Denamur et al. 2011) , the s2 receptor ligand siramesine (Ostenfeld et al. 2005) , and the widely used chemotherapeutic agent cisplatin (Pourahmad et al. 2010) , were also linked to increased ROS production, leading to LMP. Finally, oxidative stress and ROS-dependent LMP were suggested to be especially important in the aging of postmitotic cells (Kurz et al. 2007 ).
Other stimuli, such as various toxins, for example, the lethal toxin from Bacillus anthracis (Averette et al. 2009 ), leukotoxin from the oral bacterium Aggregatibacter actinomycetemcomitans (DiFranco et al. 2012), cytotoxins from cobra venom (Feofanov et al. 2005) , and even crotamine, one of the toxic components of the rattlesnake Crotalus durissus terrificus venom, were also shown to induce LMP, leading to apoptosis (Hayashi et al. 2008) . It is worth mentioning that the cytotoxicity of various natural compounds toward cancer cells is being investigated more intensively and is considered a very promising approach in combating cancer. It was reported that curcumin, a spice and a member of the ginger family, triggers LMP and subsequent cell death in A549 lung carcinoma cells (Chen et al. 2012) . Moreover, a derivative of betulinic acid, found in the bark of several species of plants (Gonzalez et al. 2012) , and sulforaphane (Rudolf and Cervinka 2011) , found in cruciferous vegetables such as broccoli and cauliflower, are also capable of inducing LMP, leading to subsequent cell death through the lysosomal apoptotic pathway.
When LMP is triggered indirectly, it may serve as an amplification loop to strengthen apoptotic signaling (Schrader et al. 2010; Repnik et al. 2012) . Although recent evidence suggests that LMPalso has an amplifying role in the death receptor pathway, there is still much controversy about its role, especially in tumor necrosis factor (TNF)-a and TNF-related apoptosis-inducing ligand (TRAIL) pathways (Hafner Č esen et al. 2012) . Several mechanisms have been proposed in recent years for induction of LMP in TNF-aand TRAIL-induced apoptosis, in which caspase-8 plays a central role. Caspase-8 was thus suggested to cleave caspase-9, which in turn directly induces LMP (Gyrd-Hansen et al. 2006) , although how cleavage of caspase-9 could activate this protease was not explained. Caspase-8 was also suggested to be capable of activating A-SMase, responsible for ceramide generation, which mediates translocation of cathepsin D into cytosol (Heinrich et al. 2004) . Similarly, sphingosine was suggested to regulate the activity of cathepsin B (Werneburg et al. 2002) . Another suggestion was that BIM-and BAX-triggered LMP is dependent on Jun amino-terminal kinase (JNK) in TRAIL-induced apoptosis (Werneburg et al. 2007) . The mechanism of the process was recently explained by the involvement of JNK in the formation of a multimeric complex for compartment-specific activation of BAX on lysosomal membranes, so-called PIXosomes, which were suggested to be responsible for LMP upstream of MOMP. PIXosomes could therefore represent a new way of communication between organelles (Werneburg et al. 2012) .
Nevertheless, lysosomes are rather sturdy organelles. Understanding the triggers of LMP and identifying the endogenous inhibitors of LMP as well as the regulators of lysosome stability are of paramount importance. Recently, Kirkegaard et al. (2010) showed that a molecular chaperone, heat shock protein 70 (Hsp70), stabilizes lysosomes by binding to an essential cofactor for lysosomal sphingomyelin metabolism, endolysosomal anionic phospholipid bis(monoacylglycero) phosphate (BMP). This interaction stimulates the activity of A-SMase to convert sphingomyelin to ceramide, whose protective role remains undetermined (Horvath and Vigh 2010) . The decreased levels of LAMP-1 and -2 were also shown to render cells more sensitive to LMP (Fehrenbacher et al. 2008) . Changes in the lipid composition of the lysosomal membrane were also suggested to influence the membrane stability. It was further suggested that increased lysosomal membrane stability due to the cholesterol accumulation attenuates cell death by apoptosis (Appelqvist et al. 2011 ). Finally, a study from Yue and colleagues has shown that glycosaminoglycans also protect against destabilization of the lysosomal membrane (Yue et al. 2009 ). However, if LMP cannot be prevented, there are intracellular cysteine protease inhibitors, such as stefin A and B and various serpins, as the last barrier that can possibly prevent cell death by blocking the cathepsins (Repnik and Turk 2010) . However, despite the progress in the field of the lysosomal apoptotic pathway, the exact mechanisms of LMP and the regulation of stability of the lysosomal membrane remain elusive.
The Molecular Mechanism Downstream from LMP-the Execution Phase
The events downstream from LMP have been thoroughly studied in a model of LeuLeuOMe-induced apoptosis (Stoka et al. 2001; Cirman et al. 2004; Droga-Mazovec et al. 2008) . After LMP, which enables the release of lysosomal proteases and probably some other matrix hydrolases into the cytosol, a lethal sequence of events takes place. Cathepsins cleave the BCL-2 family member BID into a proapoptotic form that promotes the oligomerization of proapoptotic BAX and BAK proteins, which in turn triggers MOMP (Stoka et al. 2001; Blomgran et al. 2007 ). In mouse BID, multiple cleavage sites within the bait loop were identified for cathepsins. These cleavage sites are not conserved in human BID; however, t-BID fragments of similar sizes are observed in human cells, suggesting that the cleavages by cathepsins occur at similar positions (Repnik et al. 2012) . Moreover, cysteine cathepsins also proteolytically inactivate several antiapoptotic molecules, such as BCL-2, BCL-xL, and MCL-1, which enables the release and activation of BAX and BAK (Droga-Mazovec et al. 2008) . Besides proteolytic processing of BCL-2 family members by the cathepsins and its effect upstream of mitochondria, cysteine cathepsins were also found to act downstream from MOMP, where they cleave the caspase-3, -7, and -9 inhibitor X-chromosomelinked inhibitor of apoptosis (XIAP) to enable executioner caspase activation (Droga-Mazovec et al. 2008 ). In addition, cathepsin D was found to process caspase-8 directly in the neutrophils, which is, however, a more specific situation . Importantly, cathepsins not only trigger apoptosis but can also amplify the signal initiated either outside or inside the cell (Repnik et al. 2012) . It is therefore likely that some new cathepsin substrates will be identified in the future (Repnik and Turk 2010) .
Secretory Lysosomes
Many hematopoietic cells and also melanocytes contain unique organelles with combined functions of lysosomes and secretory granules, so-called secretory lysosomes. In addition to lysosomes, they contain specialized secretory proteins, including proteins that can trigger apoptosis in target cells. In cytotoxic T lymphocytes and natural killer cells, they are called lytic granules and contain the pore-forming protein perforin and serine proteases the granzymes (Clark and Griffiths 2003) . Perforin forms pores in the membrane of the target cell, thereby enabling granzymes to enter the cell. Once inside the target cell, granzyme B triggers apoptosis either by proteolytic activation of the effector caspases, caspase-3 and -7, or by processing of the BID molecule (Anthony et al. 2010) . Importantly, killer cells are protected against their own killing machinery by the low pH of granules, which prevents perforin from binding the calcium that is needed for its activity. In addition, granzymes are only poorly active at low pH (Bird et al. 2009 ). However, the high content of granzymes makes cytotoxic T lymphocytes and natural killer cells susceptible to the lysosomal pathway of apoptosis, which was exploited in the LeuLeuOMe-mediated depletion of perforin-positive T cells from donor lymphocyte infusion (Friedman et al. 2007; Filicko-O'Hara et al. 2009 ).
THE ROLE OF LYSOSOMES IN COUNTERACTING CELL DEATH
Although the focus of our review has been the cell death potential of the endocytic pathway, the endocytic pathway also assists the autophagic system in resisting apoptotic cell death by degrading autophagy-delivered cargoes. It was thus shown that lysosomal dysfunction promotes neurodegeneration because it impairs constitutive autophagy (Thelen et al. 2012 ). In addition, it was proposed that the protective autophagic response induced by TRAIL continuously sequesters caspase-8 in autophagosomes, but its elimination depends on the subsequent lysosomal degradation (Hou et al. 2010) .
Inhibition of macroautophagy can trigger apoptosis by itself (Boya et al. 2005) . Rapamycin, which promotes macroautophagy, protects cells against a range of proapoptotic insults through the enhanced clearance of mitochondria, thereby reducing cytosolic cytochrome c release and downstream caspase activation (Ravikumar et al. 2006) . Besides macroautophagy, chaperonemediated autophagy and microautophagy can also protect cells from apoptotic insults (Wang et al. 2008) . However, all forms of autophagy converge on the endocytic pathway and depend on subsequent lysosomal degradation. LMP is therefore proapoptotic not only because it allows the release of lysosomal protease into the cytosol, but also because it diminishes the degradative capacity of the endocytic system and thereby impairs the cytoprotective role of autophagy and lowers the apoptotic threshold.
CONCLUDING REMARKS
The endocytic pathway is a complex system of membrane-enclosed organelles that contain diverse hydrolases. If released into the cytosol, lysosomal hydrolases can contribute to apoptotic or necrotic programs of cell death, which can be initiated by internal or external stimuli. Interfering with the lysosomal pathway of apoptosis has great therapeutic potential, partially because it simultaneously destroys the endocytic degradative potential of the cells and thereby diminishes the cytoprotective role of autophagy. Although the list of LMP-inducing compounds is already long, polymer technology and nanotechnology hold prospects for multifaceted "designer" compounds, which would be more specific in terms of targeting, more efficient in terms of membrane destabilization, and whose activity would be limited to the digestive system of the endocytic pathway to minimize side effects.
